Abstract: We present a novel and accurate method for characterizing the reflection spectra of distributed Bragg reflectors using optical frequency domain reflectometry. A compact test structure with integrated reference mirror and photodetector is designed, which overcomes the dependence on the fiber-to-waveguide coupling.
Introduction
The Distributed Bragg Reflector (DBR) is an important waveguide component for achieving wavelength selective filter and reflector functions [1] . The optical reflection spectrum of a DBR records the power reflectivity of the DBR as a function of wavelength, which exposes DBR characteristics such as reflection bandwidth, Bragg wavelength, coupling coefficient and periodicity. However, accurate verification of the optical reflection spectra of DBRs on photonic integrated circuits (PICs) is a challenge due to the uncertainty induced by the fiber-to-waveguide coupling. The fiber-to-waveguide coupling leads to a coupling loss, reflections between different media and excitation of higher order modes due to alignment mismatch. The conventional methods however, are designed based on the assumption of a perfect alignment. One method is to use test structures with suppressed facet reflections, tunable laser sources (or broadband light sources) as inputs and power meters (or optical spectrum analyzers) as detectors to measure the wavelength dependence of transmitted or reflected power [2] - [4] . Not only the quality of reflection suppression affects the method accuracy but also the precision of the optical alignment. The measured spectra based on this method typically fluctuate strongly as there are interferences with reflections from the chip facets or with the excited higher order modes. Another method is to use test structures with a cleaved facet and the DBR under test to form a Fabry-Pérot cavity. The reflectivity of the DBR can be extracted from the contrast ratio between the maximum and the minimum in the fringe pattern of intensity [5] . This method works for the extraction of the peak reflectivity but not for the full spectrum, due to the same concern for the higher order mode excitation.
A widely studied approach for characterization of fiber Bragg gratings, including their reflection spectrum, group delay and refractive index profiles, is through optical reflectometry methods [6] - [10] . The reflectometric systems such as optical time domain reflectometry (OTDR), optical coherence domain reflectometry (OCDR) and optical frequency domain reflectometry (OFDR) provide a better dynamic range of the measured reflection spectrum compared to the conventional methods [8] , [9] . In addition, they allow to de-embed unwanted reflections by spatial domain filtering, which is an excellent approach to overcome the interference issues [11] . Although the reflectometry methods have been well developed for characterization of fiber Bragg gratings, it is new for Bragg gratings on PICs.
In this work, we have developed a novel and compact on-chip test structure for measuring the DBR reflection spectrum based on the OFDR method. The facet at the input side of the chip under test is as-cleaved to be used as the reference mirror in the interferometric system. This simplifies the OFDR system, as discussed in Ref. [11] , [12] and removes any dependence on anti-reflection coating quality. The output of the test structure is connected to an integrated photodetector instead of a facet. The photodetector excludes reflections from the second facet and avoids one more coupling between waveguide and fiber which enables more accurate analysis [13] . In this paper, we use simulations as a first step, for the development of the numerical algorithm and for choosing the appropriate parameters for implementing the method. We present experimental demonstrations to validate the method, which show a near-perfect match with the simulations.
The Method
The designed structures, the data processing on the simulated results and the test structure design rules for obtaining accurate reflection spectra of DBRs are discussed in this section. Simulations are executed with our optical extensions based on modal propagation and that are implemented in Keysights Advanced Design System (ADS) [14] . The transmission and reflection properties of DBRs are calculated from scattering matrices which are determined based on calculations of the modal propagation constants and the corresponding modal field distributions.
Test Structure Simulations
A stand-alone DBR (reference) and the same DBR on a waveguide (test structure) are shown in Fig. 1(a) . The stand-alone DBR is used as a reference to provide the pure transmission and reflection spectra of DBRs with certain length L DBR , Bragg wavelength λ B and coupling coefficient κ. The fiber-to-waveguide coupling loss and the waveguide propagation loss are set to 0. Only the TE fundamental mode is coupled into the device to avoid interference with other modes. The test structure is designed for extracting the reflection spectra of DBRs based on OFDR. It contains the same DBR as in the reference and is located on a shallow-etched waveguide at a distance L f from the front facet. The power reflectivity of the front facet R f is set to be the same as a cleaved facet which is 33% [15] . The reflectivity of the back facet R b is set to be 0 to simulate full absorption by the integrated photodetector. The fiber-to-waveguide coupling efficiency is included by using the existing model in the simulation tool, which is based on modal overlap between fiber and waveguide modes. It is simulated to be 0.7 considering a perfect alignment. The waveguide propagation loss is set to be 2 dB/cm, matching previous measured values.
There are different interfering optical paths in the test structure. Path 1 is the direct signal which is used as a reference path; Path 2 represents a group of signals that have multiple distributed reflections inside the DBR; Path 3 represents a group of signals that propagate one more round-trip inside the DBR; Path 4 represents a group of signals that have a reflection from the front facet and multiple distributed reflections from the DBR; Path 5 represents a group of signals that propagate one more round-trip between the front facet and the DBR. There are more paths with multiple round-trip due to the strong reflection of DBRs, which are not shown. The transmitted power is the result of the contributions of all paths. Fig. 1(b) shows the simulated transmission spectra of the reference (blue) and the test structure (red) with a DBR: L DBR = 0.6 mm, λ B = 1550 nm and κ = 50 cm −1 .
Data Processing Based on OFDR
The extraction of the DBR reflection from the modulated transmission spectrum is carried out in the following steps: first, we take the Fast Fourier transform (FFT) of the simulated spectra to retrieve a distribution map of all reflections in the spatial domain. The reflection distributions in the spatial domain for the reference (blue) and the test structure (red) are shown in Fig. 2(a) . The positions of the reflection peaks are determined by the optical path length differences between different interference paths as shown in Fig. 1(a) [16] . For the reference, the two peaks at cavity length of 0 and 0.6 mm respectively represent the reflections from the entrance and the exit of the DBR due to the interference between path 1 and 2. The oscillations at higher distances are due to multiple reflections of the light within the grating structure [7] . For the test structure, there are extra reflection peaks at cavity length of 3 mm and 3.6 mm respectively due to the interference between path 1 and 4 and at cavity length of 6 mm and 6.6 mm respectively due to the interference between path 1 and 5. The oscillation period between the reflection distributions for the reference and test structure are almost identical, while an amplitude mismatch is observed. Second, we correct the amplitude of the reflection distribution for the test structure. For the reference structure, the transmitted power at the Bragg wavelength is:
where P 0 is the total power input for the reference structure and equals 1; R DBR is the peak reflection of the DBR at the Bragg wavelength. For the test structure, the transmitted power at the Bragg wavelength is:
where P 0 is the total power input for the test structure, it equals 1 in simulations but will be a different value in actual measurements; η is the power transmission coefficient determined by all the extra losses in the test structure compared to the reference:
where the η c , η t and η rt are the power transmission coefficients determined by the fiber-to-waveguide coupling loss, the waveguide propagation loss over the whole waveguide and over a round-trip between the front facet and the DBR, respectively. The 1 − R f is the light transmittance through the front facet. The η c is calculated from the averaged power P a in the wavelength range outside the grating reflection band:
The power transmission determined by the round-trip loss is:
where η L f is the power transmission coefficient determined by the propagation loss of the waveguide over the distance L f between the front facet and the DBR. The correction is done in linear scale with a correction ratio R c , which can be extracted based on Eq. 1 to 6:
where the total power input P 0 is eliminated, showing no need for the input power calibration and a simplified data analysis. The only unknown for solving the R c is the peak reflection of the DBR Fig. 3 . The extracted reflection spectra (a) at different width of the filter window L w and (b) while varying the distance L f between the front facet and the DBR, respectively. The spectra are plotted with an offset of 3 nm in wavelength to make them distinguishable.
R DBR . We firstly determine the R DBR by choosing an R DBR arbitrarily between 0 and 1. The actual value of both will be found out later. Third, we apply a rectangular window with a width of L w to the spatial spectrum. This selects in the spatial domain the reflections at L 21 Fourth, we apply an inverse Fourier transform (IFFT) to the filtered reflection curve in spatial domain. Then the peak reflection of the DBR R DBR is extracted.
The assumed peak reflection was chosen arbitrarily, and this means that the extracted peak reflection value will not match it. In order to find the correct value of the peak reflection, we sweep the assumed R DBR from 0 to 1 to retrieve the value where the extracted R DBR is equal to the input value R DBR . The results with the extracted R DBR for loss compensation, filtering and IFFT are shown in Fig. 2(b) , (c) and (d), respectively. In Fig. 2(b) , it shows that the reflection amplitudes are matched between the reference and the test structure when the cavity length is below 2 mm, the amplitudes increase at a longer cavity length due to the interference between the DBR and the front facet. In Fig. 2(c) , the reflections at a longer distance than the filter window width L w are filtered out. In Fig. 2(d) , the extracted spectrum (red line) shows a perfect match of the stop-band amplitude and the position of the zero-crossings over the whole wavelength range compared to the reference. The amplitude of the side-lobe is slightly off as the loss correction ratio R c is calculated at the Bragg wavelength.
Test Structure Design Rules
We derive the rules for defining the width of the filtering window L w and the distance L f between the DBR and the front facet, which are studied through simulations. Fig. 3(a) and (b) show the extracted reflection spectra at different L w and L f , respectively. The spectra are plotted with an offset of 3 nm in wavelength to make them distinguishable. In Fig. 3(a) , the extracted spectrum shows a lower peak reflection with a small L w of 0.1 mm. The reflection peaks are increased when the L w is above the grating length. However, there are oscillations within the reflection band at L w of 0.7 mm, 1.3 mm and 3.1 mm, respectively. The L w is suggested to be longer than the triple-trip distance within the DBR: L w > 3L DBR to include enough information of the DBR reflection. In addition, it should be shorter than the distance between the DBR and the front facet L w < L f to not include the reflection peaks caused by interference between path 1 and 4. In Fig. 3(b) , the oscillations disappear when the distance between the DBR and the front facet is longer than the quadruple-trip distance within the DBR: L f > 4L DBR . 
Experimental Demonstration

Test Structures
A set of test structures with buried DBRs in shallow-etched InP waveguides [1] , [17] is fabricated by Smart Photonics [18] through the JePPIX.eu multi-project wafer service [19] . Since the buried DBRs are not visible from the top image of the chip, the orange bars are added to show the lengths and the distance between the DBR and the front facet (L f = 3 mm) in Fig. 4 . The DBRs are designed with a Bragg wavelength of 1550 nm, a coupling coefficient of 50 cm −1 and length variation of 0.1, 0.2, 0.4, 0.6 and 0.8 mm, respectively. The front facet of the chip is as-cleaved, which has a power reflectivity of about 33% [15] . There are 0.1-mm-long photodetectors connected to each waveguide-end with 60-μm-long electrical isolation sections in between.
The OFDR System
A schematic diagram of the test system for the characterization of DBRs is shown in Fig. 5 . Light from a tunable laser source (TLS, Agilent 81600B) is coupled into the device under test (DUT) with a lensed fiber. The input polarization direction is calibrated before the measurement. It is aligned with the chip plane which corresponds to the TE-mode of the waveguide using a polarization controller (PC). The polarization extinction ratio is 18 dB. The light intensity detected in the photodetector is resulting from the interference between all intra-chip reflections. The corresponding photocurrent is measured by a current meter (I-meter, Keithley 2602B). The data processing as discussed in Section 2-B is then performed to extract the reflection spectra of the DBRs. Fig. 6(a) shows examples of the measured photocurrents for DBRs with the same Bragg wavelength of 1550 nm but different length of DBRs. The wavelength range is from 1520 nm to 1580 nm with a step of 10 pm. The spectra are plotted with an offset of 7 nm in wavelength to make them distinguishable in the figure. The transmission spectra are recorded by measuring the photocurrent as a function of wavelength. The photocurrent is normalized with a quadratic curve obtained by fitting the photocurrent outside of the stop-band to a second degree polynomial function. An example is shown in Fig. 6(b) . The transmissions of DBRs are not directly visible from the measured photocurrents due to the modulation of coupling, waveguide propagation and signal interferences.
Experimental Validation of the Method
The data processing for extracting the reflection spectra is the same as for the simulations. The used parameters are shown in Table 1 . The propagation loss of the waveguides is measured by the Fabry-Pérot interferometric method [20] using other straight waveguides on the same chip. Fig. 7 shows the extracted reflection spectra (solid lines) of the same DBRs and simulated spectra (dashed lines) of the DBRs with the same lengths. The Bragg wavelength for the simulated DBRs Fig. 8 . Extracted reflection spectrum of a test structure with a 0.8-mm-long DBR with a stitching error at 0.5 mm from the entrance of the DBR (solid line) and simulated reflection spectrum for a reference structure with the same DBR (dashed line).
was chosen to be different to facilitate the comparison and avoid overlap with the measured spectra. There is an excellent agreement between measurement and simulation, both for the shape of the reflection spectrum and for the absolute value of the peak reflectivity. Fig. 8 shows a higher resolution response of the extracted and simulated reflection spectra of a DBR with a length of 0.8 mm. The measurement identifies a spectral asymmetry on the long wavelength side which is attributable to a stitching error induced phase shift (blue arrow) which may occur between different writing fields (each writing field is 0.5 mm) when writing DBRs with e-beam lithography [21] . In the simulation a stitching error of 20 nm, which is within the machine specification, is sufficient to match the experimental data.
Stitching Error Characterization
Conclusion
We have developed a novel test structure and method based on OFDR with a subsequent filtering in the spatial domain to extract the reflectivity characteristics of DBRs. It shows an excellent agreement with simulations and it was shown to be sufficiently sensitive to analyze performance deviations due to stitching errors.
